Abstract. The relative reactivities with native and denatured DNA of 35 lupus sera were investigated by quantitative complement fixation and precipitin studies and showed great variations. The use of purified native DNA demonstrated that, in at least 22 of these 35 sera, the anti-DNA antibodies reacted with the native form, independently of denatured contaminants. Systemic lupus sera were shown to contain three main types of DNA antibodies: those reacting only with denatured DNA, those reacting to the same extent with both forms of DNA, and those reacting preferentially with native DNA. In some instances, the latter antibodies fix complement and precipitate only with native DNA but are inhibited by the denatured form. This finding points to the importance of conformation in the antigenic structure of DNA. The simultaneous occurrence of different varieties of DNA antibodies was demonstrated in several sera. Evidence was obtained that some of these human antibodies to DNA can belong to the IgM class. Thus, DNA antibodies from systemic lupus patients differ in many respects from most of the experimentally produced antibodies capable of reacting with DNA.
Introduction
The presence in the sera of some patients with systemic lupus erythematosus (SLE) of antibodies reacting with deoxyribonucleic acid (DNA) was demonstrated 10 yr ago (1) (2) (3) (4) . The early studies on these antibodies (5, 6) were performed with native DNA. Subsequently it was shown that these antibodies still reacted with DNA that was previously denatured or degraded by various procedures (7) . In further studies, Stollar and Levine reported that all but one of their DNAreactive SLE sera reacted exclusively, or more Methods SLE sera. 35 sera from patients with active SLE were selected because of their positive reactions with native and/or denatured DNA by a routine complement fixation test. Some of these sera had been stored at -20'C for several months. (11) . The peak corresponding to 0.8 M NaCl was dialyzed against 0.15 M NaCi.
For complement fixation tests, DNA preparations were denatured at concentrations of 1 /Ag/ml in complement fixation buffer by boiling for 10 min at 1000C followed by rapid cooling in an iced water bath. Further dilutions were made in the chilled complement fixation buffer.
For precipitin experiments, DNA was denatured at concentrations varying between 50 and 200 ,ug/ml in Tris buffer, pH 8.2, 0.05 M NaCl with or without 1%o formaldehyde. Subsequent dilutions were made in Tris buffer, pH 8.2, 0.15 M NaCl. In order to assess the absence of double stranded DNA in these preparations, a ring-test was performed before use with a serum reacting only with native DNA (10466, see below). For gel diffusion tests, DNA was submitted to sonic oscillation for 10 min at 960 KHz (acoustic power, 120 w) under the conditions described in reference 12, under hydrogen atmosphere. The molecular weight of the sonicated fragments was 300,000 as determined by sedimentation coefficients in ultracentrifugal analysis.
The renaturation experiments were performed as follows: T 7 phage DNA was dissolved in 0.015 M NaCl at 40 ,ug/ml. Four samples were prepared as follows. (a) Native DNA was prepared in complement fixation buffer. (b) Native DNA was diluted in a Tris buffer, pH 7.4, 1.4 M NaCl to a final concentration of 20 Ag/ml and 0.7 M NaCl; this solution (NAT. 56°C sample) was incubated at 56°C in the same way as the sample to be renatured was; (c) denatured DNA was prepared by boiling for 15 min at 100'C, quickly cooled, and diluted in chilled complement fixation buffer. (d) Renatured DNA was prepared as follows: after boiling for 15 min at 100°C, DNA was diluted in a Tris buffer, pH 7.4, preheated to 560C, to a final concentration of 20 ug/ml and 0.7 M NaCl; this preparation was incubated at 560C for 6 hr. At time zero and then at regular intervals during incubation, 0.1 ml samples were taken and transferred in 40 All sera were tested against calf thymus DNA; some were also tested against DNA from other sources. All comparative experiments were performed simultaneously.
Because of anticomplementary activity of our denatured DNA preparations, the highest concentrations used were 0.4-0.8 ,g/ml.
Quantitative precipitin curves. Different concentrations of antigen in 0.2 ml of Tris buffer, pH 8.2, 0.15 M NaCl were added to aliquots of 0.2 ml of serum. The reaction mixtures were incubated at 37°C for 1 hr and at 4°C for 5 days. The precipitates were washed three times in Tris buffer, pH 8.2, and finally dissolved in 0.2 ml of 0.1 N NaOH. The optical densities were measured at 280 m/u and the figures were not corrected for antigen values.
For inhibition experiments 0.1 ml of inhibitor at different concentrations was added to aliquots of 0.2 ml of serum. The tubes were incubated for 1 hr at 37°C, at which time 0.1 ml of antigen was added. The mixture was incubated at 37°C for 1 hr and at 4°C for 5 days. The amount of antigen added was chosen in order to be in the beginning of the equivalence zone. The control tubes included serum alone, serum and native DNA (with and without formaldehyde), and serum with the highest concentration of inhibitor. For serum 6485 (illustrated in Fig. 2 b) , the hypothesis of a small amount of single chain denatured DNA contaminating the native preparation could be excluded, even though a concentration of native DNA 100 times greater than that of denatured DNA was required for reactivity: the complement fixation curve with purified native DNA is similar to that of native DNA, except in the antigen excess zone. Two other sera reacted with concentrations of native or purified native DNA 20 times greater than those of denatured DNA, giving the same maximal complement fixation (Fig. 3) . Cross-inhibition experiments could not be performed because of lack of serum. For the same reason, three other sera reacting with a concentration of native DNA 50 times greater than that of denatured DNA could not be studied with purified native DNA.
Four sera showed a reaction with a peak for similar concentrations of native and denatured DNA, but denatured DNA fixed more complement. The curves of two such sera are shown in 65% for serum 5443 (not shown in Fig. 4 ). Although serum 11752 gave an analogous reaction pattern ( Fig. 5 a) , 30 jug/ml of purified native' DNA was unable to inhibit more than 28%o of the reaction with denatured DNA (Fig. 5 b) . This weak inhibition suggested that we were dealing with different kinds of antibodies. In order to confirm this hypothesis, the following experiment was performed: the addition to a fixed amount of antibody of 0.4 jug/ml of purified native DNA (in slight antigen excess) and 0.025 jug/ml of denatured DNA (in large antibody excess) resulted in a definite increase of the complement fixation (Fig. 5c ).
Another type of pattern, illustrated in Fig. 6 , is defined by similar complement fixation curves with native (or purified native) and denatured DNA. This has been observed for seven of our sera. Some of them give maximal complement fixation with concentrations of DNA of 0.05-0.2 Jug/ml, while others give maximal fixation with concentrations of DNA of 0.8-1.6 Ftg/ml. In all 70. these instances, purified native DNA in extreme antigen excess was an effective inhibitor of the reaction with denatured DNA. These antibodies thus detect the same antigenic determinant(s) in both native and denatured DNA. Six sera react more effectively with native than with denatured DNA. For example, with serum 8994 giving this type of pattern (Fig. 7 a) , when using identical concentrations of purified native and denatured DNA, the amount of complement fixed in the antibody excess zone is greater with the native form. The difference in reactivity between native and denatured DNA is more striking with T 7 phage DNA (Fig. 7 b) .
Finally, serum 10466 reacts strongly with native DNA, although denatured DNA shows little if any reaction at concentrations tested. Fig. 8 illustrates the complement fixation curves with four DNA of different sources.
Eight sera were tested with native and denatured RNA (yeast and E. coli). They include three sera reacting only with denatured DNA, three reacting to the same extent with native and denatured DNA, and two reacting preferentially with native DNA. Complement fixation experiments were negative at all concentrations, and no inhibition of the reaction with native and/or denatured DNA was observed. Inhibition studies with 3 any change in the antigenic activity upon renaturation.
Quantitative studies have been performed also with native, denatured, and renatured DNA, and with the "NAT. 56°" sample (see Methods). Serum 10466 (Fig. 10 a) (Fig. 10 b) Some sera precipitate only with the native form. However, in some instances (Fig. 12) , the inhibition by denatured DNA of the precipitin reaction with native DNA is readily seen, because of the shortening of the line next to the well containing a sufficient concentration of denatured DNA. Inversely, some other sera react only with denatured DNA (Fig. 13A) . In other instances, lupus sera give an identical reaction with native and denatured DNA, with complete fusion of the lines (Fig. 13B) . Absorption of these sera with denatured DNA abolished the reaction with native DNA, and vice versa. In most of these cases, the precipitin line with denatured DNA was weaker than with native DNA and, in some instances, DNA denatured in the presence of formaldehyde was not able to form a precipitin line, although it gave a complement fixation curve similar to that of native DNA. Another pattern (Fig. 13C ) is defined by a spur of the native formaldehyde, 40 ,g/ml; bottom well: mixtures of native and denatured DNA, 30 ,g of each per ml. Right well: native DNA, 50 gg/ml. DNA line over denatured. After absorption with denatured DNA at equivalence, these sera still react with native DNA. However, in all instances, the addition of a great excess of pure denatured DNA resulted in negative reactions with native DNA. Inversely, with a few other sera, denatured DNA spurred over native DNA.
Finally, a single serum, showing precipitin lines with native and denatured DNA crossing each other with a decrease in intensity (Fig. 14A) , has been studied in detail. This pattern suggested that this serum contained antibodies reacting with antigenic determinants common to native and denatured DNA and with determinants specific for each of these forms. Absorption of this serum with denatured DNA at equivalence proves the existence of antibodies reacting only with native DNA (Fig. 14B) . On the other hand, after absorption with native DNA at equivalence, this serum still reacts with denatured DNA (Fig.  14C) . Furthermore, Fig. 14D shows that serum 5443 gives two distinct precipitin lines with a mixture of native and denatured DNA. The line closest to the antigen well is in identity with the native DNA line on the right, whereas the distal line is in identity with the denatured DNA line (left well) ; this line decreases in intensity after crossing the native DNA line. This is consistent with the hypothesis of antibodies reacting with antigenic determinants common to both forms of DNA. This was directly demonstrated by the study of purified antibodies obtained from a precipitate formed at equivalence with native DNA, since these antibodies reacted with both native and denatured DNA; moreover, the line of native DNA spurred over denatured DNA and the supernatant reacted exclusively with denatured DNA. The simultaneous occurrence of at least three kinds of DNA antibodies in this serum could be demonstrated in a single plate depicted in Fig. 15 Immunoglobulin classes of purified antibodies. Anti-DNA antibodies were purified from four sera. Two sera, one precipitating only with native DNA and the other only with denatured DNA, contained antibodies of the IgG globulin class exclusively (Fig. 16, upper well) . For another serum, antibodies reacting with antigenic determinants common to native and denatured DNA were purified. They were shown to belong to the IgM globulin class (Fig. 16, bottom well) .
Purified antibodies from serum 5443 obtained from a precipitate formed at equivalence with native DNA showed to be of both IgG and IgM classes. To investigate their specificity further, double diffusion tests were performed in agarose, in which rabbit antiserum specific for y-or juchains was included, as for single radial immunodiffusion tests (14) . When anti-IgG globulin serum was included in the agarose, precipitin lines developed outside the ring, with both native and denatured DNA; this reaction was presumably due to IgM antibodies. On the other hand, when anti-IgM serum was included a reaction, presumably due to the IgG antibodies, occurred only with native DNA.
Purified antibodies were also tested against rabbit antisera to Bence Jones proteins, specific for each type of light chains. All the tested antibodies were of both K and L types; in one instance, type L molecules were predominant,
Discussion
The present report demonstrates that, in at least 22 or 35 lupus sera studied, the anti-DNA antibodies react with native DNA, independently of denatured contaminants.
With certain sera, peak complement fixation was obtained with a concentration of native DNA manyfold greater than that required for denatured DNA. This type of pattern highly suggested that this reaction was due to a small amount of denatured DNA contaminating the native preparation. In most previous studies, similar reactions have been interpreted in this way. Use of native DNA purified by chromatography on columns of Kieselguhr impregnated with methylated albumin has proved to be of great value for this study, since this procedure allows the separation of native from denatured DNA. The usefulness of this purified native DNA is readily demonstrated by the experiments shown in Fig. 2 . Thus, even when a concentration of native DNA up to a 100-fold that of denatured DNA is needed for maximal complement fixation, it is impossible to conclude without further investigation that a contaminant is involved. In addition, it is interesting to note that not all antisera with antibodies to denatured DNA react with the denatured contaminant in this preparation before purification. These variations possibly reflect the different specificities of these antibodies.
The present studies indicate that, by complement fixation as well as by double diffusion tests, SLE sera show a broad range of relative reactivity with native and denatured DNA. This is reflected in complement fixation curves by exclusive, preferential, or identical reactions with native and/or denatured DNA, as judged by amount of complement fixed and antigen concentration at peak fixation. In double diffusion tests, similar variability can be demonstrated: in some instances, precipitin lines are seen only with native or denatured DNA, whereas other sera give identity or partial identity reactions.
The SLE sera used in this study contain three main types of DNA antibodies: those reacting only with denatured DNA, those reacting to the same extent with both forms of DNA, and those reacting preferentially with native DNA.
The first type of antibodies reacts with determinants hidden in the native molecule, as confirmed by the absence of inhibition by purified native DNA. Stollar et al. have extensively studied this type of antibodies. They have shown that these antibodies differ in specificity and, for some of them, they have identified the nature of the antigenic determinant on DNA (15, 16) . As these authors observed, the denatured end products of DNAase digests were effective inhibitors. In our series, denatured RNA did not inhibit these antibodies to denatured DNA. With other lupus sera, denatured RNA was shown to inhibit only those antibodies reacting with purine bases (16) . Such antibodies react with high concentrations of denatured DNA which, because of the anticomplementary activity of our preparation, were not used in this study.
The second type of antibodies reacts with antigenic determinants common to both forms of DNA. This is reflected by identical complement fixation curves or by reaction of identity in precipitin tests. Similar patterns have been described by others with occasional lupus sera (9, 17) . Cross-inhibition studies in complement fixation and cross-absorption experiments in the precipitin system prove that the same antibodies react with both forms of DNA, presumably with "backbone" determinants. Since native and denatured RNA do not inhibit the reaction, deoxyribose might be involved in the antigenic site(s). The lack of inhibition by DNAse digests could reflect the requirement of larger oligonucleotide fractions. However, these inhibition studies were not performed for the two sera in this group which reacted maximally in complement fixation with relatively large amounts of DNA (approximately 1 ptg); this type of complement fixation curve suggests that these antibodies could react with a relatively small repeating determinant unit.
The third type of DNA antibodies reacts preferentially with native DNA. Several sera in this series react more strongly with native than with denatured DNA in complement fixation. Similarly, in double diffusion technique a definite spur of native over denatured DNA has been observed in several instances. Others have recently reported the occurrence of an analogous precipitin pattern (17) and a single similar reaction in complement fixation (18) . One particular serum re-acts exclusively with native DNA in complement fixation and precipitin tests (19) . Another, with no complement fixation data because of high anticomplementary activity, gives similar precipitin reactions in liquid and in gel. Such findings have not been previously reported either with.SLE sera or with experimentally induced antibodies which react with DNA. They are of great interest because they point to the importance of conformation in the antigenic structure of DNA. The role of conformational structure in antigenic specificity has been recognized for several proteins (20) , immunoglobulins (21) (22) (23) (24) , carbohydrate antigens (25) , and it could also play a role in specificity of oligonucleotides and nucleotides (25, 26) . However, it should be emphasized that the present experiments demonstrate that denatured DNA is a potential inhibitor of these antibodies to native DNA. Similarly, denatured DNA without detectable double chain areas was able to inhibit the antibodies responsible for the spurs of native over denatured DNA described in this study. It thus appears that the antigenic sites are presumably present on each chain of the DNA molecule, despite the inability to detect them by precipitin and complement 'fixation techniques. Positive reactions might be obtained upon recombination of the chains. The firm binding of these antibodies may require the rigid double helix structure of the native DNA. It should be noted that neither DNAse digests nor native RNA were able to inhibit the reaction. Variations in the degree of reactivity with native DNA samples from different sources have been observed (Fig. 8) . Similar findings have been reported by Stollar et al. (9) for antibodies to denatured DNA and have been ascribed to variable extents of single strand areas in the preparations (27) . This explanation is unlikely in our experiments with antibodies reacting preferentially with native DNA. There seems to be no correlation between the degree of reactivity and the molecular weight. The clarification of this point requires a thorough study of a much larger series of DNA samples.
The experiments with DNA upon renaturation (illustrated in Fig. 9 ) readily demonstrate the three main types of DNA antibodies described above.
The current study has shown the simultaneous occurrence of two of these different varieties of anti-DNA antibodies in several SLE sera. All three kinds of antibodies can be present in a single serum sample. This latter possibility was demonstrated for serum 5443 by double diffusion in gel and absorption experiments (Figs. 14, 15) . One might recall that the complement fixation pattern of this particular serum (Fig. 4 b) was analogous to those of serum 3258 and 11752. In the former (Fig. 4a) , the same antibody was shown to react with native and denatured DNA. In the latter (Fig. 5) , additional experiments showed that we were dealing with at least two different antibodies, either with different specificities or with different sizes of their antibody-combining sites, as described for antidextran antibodies (28) .
The occurrence of several DNA antibodies in a single serum is possibly not infrequent. It should be emphasized that, in many instances, no definite conclusions in this regard can be drawn from the mere complement fixation curves. Thus, the interpretation of patterns similar to that of Fig. 3 is impossible in the absence of additional experiments: such reactions might be due either to the same antibody reacting with nonhelical regions of the native preparation or to two antibodies with different specificities. In addition, it should be remembered that the micro-complement fixation technique uses diluted antiserum and that the results reflect only the reaction(s) given by the most concentrated population(s) of antibodies. For example, serum 6969 gave identical complement fixation curves with native and denatured DNA, although precipitin studies showed a definite spur of native over denatured DNA (Fig.  13C) . Moreover, antibodies reacting preferentially with native DNA or with antigenic determinants common to native and denatured DNA might in some instances escape detection, since the presence of native DNA in the serum of some patients with SLE has been demonstrated recently (17) .
The present work shows that anti-DNA antibodies from different SLE patients as well as from a single patient vary greatly with respect to the specificity of their receptor sites. This broad heterogeneity probably explains the discrepancies between some of our early results and those of others (29) .
Although a limited number of purified antibodies were tested, it was shown that human anti-DNA antibodies can belong to the IgM globulin class. This finding is in contrast with the recent data of Stollar and Sandberg (18) and with earlier observations from this (5) and other (6) laboratories. In all these instances, anti-DNA antibodies were shown to be IgG globulins. However, antinuclear antibodies detected by immunofluorescent techniques have been found in all three immunoglobulin classes (30, 31) . The present study of one serum containing both IgG and IgM anti-DNA antibodies demonstrated that different specificities could be assigned to each immunoglobulin class. The finding that purified anti-DNA antibodies contain molecules with both types of light chains is not unexpected, since we are dealing with heterogeneous system.
Antibodies to denatured DNA have been applied with success to biochemical and physicochemical studies (32) (33) (34) . A promising list of potential applications to biological problems has been recently drawn up (35) . Similarly antibodies from SLE patients reacting preferentially or only with native DNA, as described in this report, might prove valuable in many respects and especially for conformational studies. As we have noted, the antigenic activity of renatured DNA is similar to but not identical with that of native DNA. Furthermore, preliminary experiments suggest that anti-native DNA antibodies are able to distinguish the double chain helix of DNA from the configuration of a DNA-RNA hybrid.
In contrast to the present findings with anti-DNA antibodies from SLE patients, most of the experimentally produced antibodies capable of reacting with DNA react only with denatured DNA. These negative reactions with native DNA are expected for the antibodies elicited by immunization with purines and pyrimidines coupled to proteins (36) (37) (38) (39) or to synthetic polypeptides (40) . The paradoxical finding of positive reactions of some anti-5-acetyl-uracyl antibodies with native DNA (37) remains unexplained. However, it should be noted that no antibodies reacting to the same extent with native and denatured DNA have been detected in the serum of animals immunized with denatured DNA or polynucleotides complexed with methylated bovine serum albumin (41, 42) , with T-even bacteriophage lysates (10) or with Gram-negative bacteria (43) . The proper immunization procedure for producing antibodies reacting equally or preferentially with native DNA has possibly not yet been devised. Preliminary results, reported by Beiser and Erlanger (35) , indicate that native calf thymus DNA is immunogenic in rabbits previously immunized with DNAse. However, these antibodies also react only with denatured DNA. Thus, at the present time, no experimental model is available for the broad spectrum of anti-DNA antibodies in SLE. Therefore, the various types of experimentally induced antibodies do not help us to understand the mechanisms involved in the production of DNA antibodies in SLE whose presence is associated with the acute stages of the disease (5).
